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ABSTRACT: Vascular hyperpermeability, the excessive leakage of fluid and proteins from blood vessels to 

the interstitial space, commonly occurs in traumatic and ischemic injuries. This hyperpermeability causes 

tissue vasogenic edema, which often leads to multiple organ failure resulting in patient death. Vascular 

hyperpermeability occurs most readily in small blood vessels as their more delicate physical constitution 

makes them an easy target for barrier dysfunction. A single layer of endothelial cells, linked to one another 

by cell adhesion molecules, covers the interior surface of each blood vessel. The cell adhesion molecules play 

a key role in maintaining barrier functions like the regulation of permeability. Aging is a major risk factor 

for microvascular dysfunction and hyperpermeability. Apart from age-related remodeling of the vascular 

wall, endothelial barrier integrity and function declines with the advancement of age. Studies that address 

the physiological and molecular basis of vascular permeability regulation in aging are currently very limited. 

There have been many cellular and molecular mechanisms proposed to explain aging-related endothelial 

dysfunction but their true relationship to barrier dysfunction and hyperpermeability is not clearly known. 

Among the several mechanisms that promote vascular dysfunction and hyperpermeability, the following are 

considered major contributors: oxidative stress, inflammation, and the activation of apoptotic signaling 

pathways. In this review we highlighted (a) the physiological, cellular and molecular changes that occur in 

the vascular system as a product of aging; (b) the potential mechanisms by which aging leads to barrier 

dysfunction and vascular hyperpermeability in the peripheral and the blood-brain barrier; (c) the 

mechanisms by which the age-related increases in oxidative stress, inflammatory markers and apoptotic 

signaling etc. cause endothelial dysfunction and their relationship to hyperpermeability; and (d) the 

relationship between aging, vascular permeability and traumatic injuries. 
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In addition to transporting proteins, nutrients, cells and 

waste products throughout the body, the vasculature of 

humans and other vertebrates also allows the exchange of 

small compounds between the blood and tissues. This 

vascular permeability is essential for normal and healthy 

tissue function. However, vascular hyperpermeability—

the excessive leakage of fluid and proteins from blood 

vessels to the interstitial space—is pathologic. It leads to 

tissue vasogenic edema, which is commonly seen in 

traumatic and ischemic injuries. Although vascular 

hyperpermeability is associated with these types of 

injuries in all age groups, its effect in the aging population 

is severe and warrants more attention and review. Studies 

that are focused on the physiological and molecular basis 

of vascular permeability regulation in aging are currently 

very limited. The main focus of this review article is to 

understand and correlate some significant findings in the 

field of endothelial dysfunction and hyperpermeability 

with human aging. Due to limitation of the available data 

on vascular permeability in aging, the potential 

relationship between vascular dysfunction and changes in 

permeability and its significance in aging has been 

discussed wherever possible.  

Aging and vascular endothelium 

 

In humans, the vascular endothelium is comprised of a 

single layer of endothelial cells located on the interior 

surface of blood vessels [1,2]. It forms a barrier between 
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circulating blood and the vessel wall. This cellular layer 

has been identified as a dynamic structure, important in 

several key functions related to health and disease. In the 

peripheral microvasculature, neighboring endothelial 

cells in the layer maintain cell-to-cell contact 

predominantly via adherens junctions, formed by 

localized adherens junction proteins. The disruption of 

these proteins and their junctions leads to paracellular 

permeability [3-6]. One such adherens junction protein is 

the transmembrane adhesion protein VE-cadherin. It 

connects adjacent endothelial cells through calcium-

dependent homophilic binding of its extracellular domain, 

while its intracellular domain interacts with the actin 

cytoskeleton via a family of catenins including -catenin, 

-catenin, -catenin, and p120. Dissociation of this 

complex has reportedly resulted in endothelial barrier 

dysfunction leading to vascular hyperpermeability [5-9]. 

Following cellular senescence, dysfunction of cell-cell 

junctions and an increase in microvascular permeability 

has been observed in human endothelial cells [10]. 

Microvascular hyperpermeability is tightly regulated 

in the brain by the blood-brain barrier (BBB). Age-related 

increase in BBB permeability has been reported in aged 

mice [11] and humans [12]. Although the scientific 

community’s understanding of the BBB and its dynamic 

functionality is constantly growing, for our purposes we 

discuss it primarily as a diffusion barrier. This extremely 

selective barrier is formed in part by the tight junctions 

(TJs) between the endothelial cells in its endothelial 

lining. These tight junctions, maintained by tight junction 

proteins (TJPs), help prevent most blood-borne 

substances from entering the brain parenchyma. Similar 

to epithelial TJs, endothelial TJs are composed of integral 

membrane proteins (occludin, claudins, junctional 

adhesion molecules (JAMs)), etc involved in intracellular 

interactions with cytoplasmic scaffolding proteins such as 

zonula occludens (ZO). These scaffolding proteins allow 

the indirect interaction of membrane proteins with the 

actin cytoskeleton [13]. ZO-1 is considered the 

predominant linker protein in the BBB that is involved in 

permeability regulation.  

The key location of the endothelium at the interface 

between the blood and vessel wall endows it with an 

essential role in providing an anti-thrombotic vascular 

surface that promotes laminar blood flow, and maintains 

selective permeability to fluids, proteins, nutrients and 

hematopoietic cells. It is important to note that all of these 

activities occur mostly in the microcirculation, where the 

ratio of endothelial cell surface area to blood volume is at 

its highest, compared to the rest of the circulatory system. 

In addition to serving as a selective barrier, the vascular 

endothelium also participates in many physiological 

functions in the body. Vascular endothelial cells control 

vascular homeostasis, regulate blood pressure by 

vasoconstriction and vasodilation mechanisms, and 

promote angiogenesis. In the circulatory system, most 

changes in vascular permeability and instances of 

leukocyte transmigration occur in the postcapillary 

venules. These are the microvasculature located 

immediately following the capillaries.   

During the process of aging, several structural and 

functional changes occur throughout the entire vascular 

system. This includes the heart, coronary arteries, 

peripheral arteries, and the microvasculature—including 

that of the BBB. A variety of physiological and molecular 

factors contribute to altered endothelial barrier integrity 

and hyperpermeability common in aging [14,15]. 

Importantly, vascular endothelial cells express several 

important molecules such as vascular endothelial growth 

factor (VEGF) and its receptors vascular endothelial 

growth factor receptor-1, 2 and 3 (VEGFR1, 2, 3) [16,17]. 

The VEGF/VEGFR2 signaling is critical for 

vasculogenesis as well as angiogenesis [17]. VEGF is a 

potent inducer of vascular permeability in the peripheral 

system and in the blood-brain barrier. Endothelial cells 

also express endothelial nitric oxide synthase (eNOS), 

(eNOS), which produces nitric oxide (NO). NO has many 

important physiological functions. For example, NO 

promotes vasodilation while it also inhibits leukocyte 

adhesion [18,19]. Under basal conditions eNOS is found 

inactive. However its activity is increased by many factors 

including bradykinin, thrombin and histamine. The 

release of these mediators leads to an increased 

production of NO, as well as induces vascular 

permeability.  

It has been shown that endothelium-mediated 

vasodilatory function progressively declines with age 

[20]. This is associated with diminished eNOS expression 

and NO production in aging endothelial cells. A 

correlation between altered vasodilation and 

hyperpermeability has been made. Recently, Yoon et al. 

[21] demonstrated the decreased expression of eNOS in 

aged human umbilical vein endothelial cells, associated 

with dysfunction of cell-cell junctions and microvascular 

hyperpermeability [10]. It has been shown that eNOS 

induces vascular hyperpermeability in a VEGF-dependent 

fashion [22]. However, the precise age-associated 

mechanisms that cause a decrease in these molecules and 

their relationship to vascular hyperpermeability remain 

unknown. Interestingly, it has been observed that aging 

endothelial cells produce increased amounts of O2-anions 

[23], which scavenge NO and form peroxinitrite. 

Peroxintrite is a potent free radical that further decreases 

the activity of eNOS by inactivating it [21]. Peroxinitrite 

has also been shown to induce microvascular 
hyperpermeability by disrupting the adherens junction 

proteins [24]. These described mechanisms in part explain 

oxidative stress-mediated decrease of eNOS and NO in 
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aging endothelial cells (refer to the section on oxidative 

stress in this review article for related information). On 

the other hand, it has been suggested that the age-

associated changes occurring in eNOS regulatory proteins 

such as caveolin-1, pAkt, and heat shock protein 90 

(Hsp90) contribute to the decreased activity of eNOS in 

aged endothelial cells [21]. In addition to these regulatory 

mechanisms, several other factors also regulate eNOS 

activity. For example, shear stress [25], estrogens [26], 

and growth factors [27] could also positively regulate 

eNOS expression. Aging is commonly associated with 

progressive deterioration in central nervous system 

function and blood-brain barrier (BBB) integrity [28]. 

Cerebrovascular aging can be viewed from several 

perspectives including: alterations in vascular density, 

vascular plasticity, and vascular reactivity (the adjustment 

of vessels to acute metabolic changes that takes place in 

tissues). Conditions which are commonly associated with 

aging, such as hypertension and cerebrovascular 

ischemia, aggravate these age-related alterations in the 

BBB integrity (refer to the section on BBB). 

 

Vascular dysfunction, permeability and aging 

 

Peripheral Vascular Permeability  

 

As previously mentioned disruption of adherens junctions 

and their associated proteins leads to increased 

paracellular permeability in the peripheral circulatory 

system. Such barrier dysfunction is a serious problem in 

hemorrhagic shock, burn, sepsis and cardiovascular 

disease. This pathological increase in permeability of this 

barrier permits extravasation of serum components into 

the surrounding tissue, leading to edema formation and 

multiple organ failure. While microvascular dysfunction 

occurs predominantly at endothelial cell-cell junctions, 

other intracellular components are also involved, such as 

linker proteins and the actin cytoskeleton [6,9]. Recent 

studies show that caspase-3 mediated breakdown of the 

adherens junctions is a major mechanism that leads to 

peripheral microvascular hyperpermeability [5,6,29]. 

Microvascular hyperpermeability is increased by 

actomyosin contractile activity in response to 

phosphorylation of the myosin light chain (MLC) via the 

activity of myosin light chain kinase (MLCK) [7,30]. 

MLCK is a serine/threonine-specific protein kinase that 

phosphorylates the regulatory light chain of myosin II. 

MLCK-dependent endothelial hyperpermeability occurs 

in response to inflammatory mediators such as activated 

neutrophils, thrombin, histamine and tumor necrosis 

factor alpha (TNF-α) [30,31]. It also involves multiple cell 
signaling pathways and signaling molecules that include 

Ca (++), protein kinase C, Src kinase and NO synthase 

[7,32]. Because pathological MLCK activity is so 

significantly involved in barrier dysfunction, MLCK-

dependent signaling mechanisms provide multiple 

potential therapeutic targets for preventing vascular 

hyperpermeability, edema, and catastrophic organ failure. 

Another important molecule that protects against vascular 

endothelial hyperpermeability is Sphingosine-1-

phosphate, a bioactive sphingolipid [33].  

Blood-brain Barrier Permeability 

Blood-brain barrier permeability increases with aging. 

Also, an age-related decrease in cerebral blood flow has 

been reported using arterial spin labeling. This method 

involves the measurement of mean transit time and 

capillary transmit time of magnetically labeled blood 

water was measured by MRI [34]. The perfusion and BBB 

permeability in aged rats was significantly altered 

compared with young rats, particularly in the 

hippocampus. One proposed consequence of these age-

related perfusion and BBB permeability changes is a 

decreased ability in aged rats to sustain long-term 

potentiation [12]. Chronic hypoperfusion has been 

associated with a decrease in cognitive function and 

diminished neuronal plasticity [11]. Significant changes 

in age-related BBB permeability were observed in the 

hippocampus but not the cortex and correlated with the 

observation that the BBB in the hippocampus may be 

particularly vulnerable in senescence-accelerated mice, 

SAMP8 [11].  

The normal barrier properties of the BBB plays a key 

role in regulating the entry of solutes and ions into the 

central nervous system (CNS) whereas the migration of 

cells appears to be significantly controlled by expression 

of chemokines and adhesion molecules. However, 

hyperpermeability in the BBB aids in the infiltration of 

circulating cells. Thus T cell infiltration has been found in 

CNS tissue of patients with Parkinson’s disease [35] and 

Alzheimer’s disease [36,37]. The infiltration of cells has 

also been reported following ischemic insult and is 

exacerbated by age. Popescu et al [38] demonstrated that 

an age-related decrease in tissue perfusion, together with 

the increase in BBB permeability, alter the 

microenvironment in the brain. These, in addition to the 

compromised homeostatic capability of microglia in 

response to aging, may be significant contributors to the 

neuroinflammatory changes described in the aged brain. 

Simpson et al [39] demonstrated that alterations in the 

BBB integrity occurs in cerebral white matter lesions in 

the ageing brain and are generally associated with 

dementia, a condition common in aging brain. Albumin 

extravasation studies of BBB permeability showed 

remarkable increase in permeability in the aging brain. 

This was enhanced in white matter lesions suggesting 
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dysfunction of the BBB may contribute to the 

pathogenesis of white matter [39].  

Age related alterations to the BBB of the cerebral 

cortex in relationship to Alzheimer-type pathology has 

been studied in humans. Viggars et al [40] investigated the 

BBB in the temporal cortex of humans. This longitudinal 

study was conducted in brain donations from a 

population-representative sample of participants. BBB 

leakage showed population-wide variation that increased 

with the progression of Alzheimer-type pathologies, 

though with considerable overlap between different levels 

of Alzheimer-type pathology. This was accompanied by 

increasing mean vascular density, but not by down-

regulation of tight junction proteins. Mechanisms leading 

to BBB leakage in the aging brain remain to be defined, 

but the population-wide and BBB changes and its strong 

early correlation to Alzheimer-type pathology 

progression suggest that BBB dysfunction contributes to 

brain aging [40]. Lee et al [41] quantified the effects of 

age on BBB permeability following traumatic brain 

injury. They found evidence for a post-injury increase in 

BBB permeability in the aged brain, accompanied by a 

decrease in BBB repair responses [41]. 

 

Regulators of vascular dysfunction and permeability  
 

Cell Adhesion Molecules 

Vascular permeability is strictly regulated by 

interendothelial cell adhesion molecules. As discussed 

above, the endothelial cell adherens junction proteins, 

VE-cadherin and platelet endothelial cell adhesion 

molecule-1 (PECAM-1) play important roles in regulating 

peripheral microvascular permeability [5-7,42]. 

Cadherins are transmembrane proteins which form 

homophilic interactions in a calcium dependent fashion. 

They provide weak adhesive cell-cell forces, further 

stabilized by the catenins, which are intracellular proteins 

linking the cadherin cell surface molecule to the actin 

cytoskeleton. Inhibition of VE-cadherin proteasomal 

degradation enhanced barrier integrity and protected 

against microvascular hyperpermeability in lung 

microvascular endothelial cells in vitro and rat mesentery 

postcapillary venules in vivo [9]. β-Catenin is a key 

regulator of barrier integrity and following insult, 

translocate into the cytoplasm, resulting in microvascular 

hyperpermeability followed by a time-dependent 

recovery and relocation to the cell membrane [6]. This 

suggested a recycling pathway for β-catenin to the cell 

junction. In the BBB, tight junctions form the continuous 

intercellular barrier between endothelial cells, which is 

required to separate tissue spaces and regulate selective 

movement of solutes across the endothelium (refer section 

on BBB permeability). Cell adhesion molecules occludin, 

claudin family members, junctional adhesion molecules 

etc are important at the endothelial tight junctions of the 

BBB. A large number of cell adhesion molecules are 

substrates for proteolytic enzymes such as capase-3 and 

MMPs. Our studies have shown increased vascular 

permeability due to caspase-3 and MMP-9 [43,44] 

mediated breakdown of the adherens junction complex. 

An increase in the activities of caspase-3 and MMPs has 

been observed in aging and there is a possible link 

between enhanced vascular permeability and aging due to 

the changes in enzyme and activities.  

Oxidative Stress 

Aging is associated with increased oxidative stress and 

oxidative damage in the body [45,46]. Oxidative stress 

due to increased reactive oxygen species (ROS) is 

implicated in causing aging of vascular endothelium as 

well as promoting vascular hyperpermeability. In turn, 

aged endothelium produces increased free radicals, which 

might further accelerate aging. In the vascular wall, the 

vascular endothelium is an important source of free 

radicals, the formation of which increases during aging 

[47-49]. It has been demonstrated that biomarkers of 

oxidant damage, increased levels of nitrotyrosine were 

observed in human aged vascular endothelial cells [50], 

Moreover, oxidative stress markers were also observed in 

the arteries of aged animals [50,51], suggesting that aging 

is indeed associated with increased formation of ROS. 

Many different mechanisms are responsible for causing 

oxidative stress in endothelial cells that includes 

mitochondria-mediated production of ROS, decreases in 

free radical scavengers and increased susceptibility of 

macromolecules to free radical damage. The potential role 

of oxidative stress in vascular endothelium aging is also 

evident from the experiments carried out with 

antioxidants. The potent antioxidant, Vitamin C, as well 

as N-Acetylsyteine have been shown to increase the 

longevity of endothelial cells or decrease endothelial cell 

senescence [52,53]. Compounds that possess antioxidant 

properties—such as α-lipoic acid, curcumin and 

deprenyl—effectively prevented microvascular 

hyperpermeability in rat models of hemorrhagic shock 

[29,43,54]. Several other enzymes are thought to be 

involved in age-induced free radical formation. As 

mentioned above, NO synthases can be transformed into 

radical generating enzymes [55]. In rodents, a role for 

xanthine oxidase has been suggested [56]. Although direct 

evidence is lacking, NADPH oxidase might be a source of 

radical generation as activation of small GTPases [57] and 

potentially the NADPH oxidase subunit Nox4 [58] leads 

to O2 formation and senescence. That the NADPH 

oxidase may contribute to the aging phenomenon is also 

suggested by the observation that the stimulation of 
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cultured cells with angiotensin II, a potent inducer and 

activator of NADPH oxidase in vascular cells, leads to 

DNA fragmentation [59] and treatment with angiotensin 

converting enzyme inhibitors prevents the aging-induced 

endothelial dysfunction in rats [60]. Super oxide anions 

are potent inducers of vascular hyperpermeability and the 

bioactivity of superoxide and other free radicals are 

increased with aging.  

 

Inflammation 

 

Inflammation is believed to play an essential role in the 

etiology of a variety of cardiovascular diseases [61,62] 

and there is increasing evidence for a similar involvement 

in vascular aging. Changes in vascular permeability are a 

significant problem in vascular inflammation associated 

with trauma, ischemia-reperfusion injury and sepsis. 

Also, inflammatory stimuli such as histamine, thrombin, 

VEGF, activated neutrophils and proinflammatory stimuli 

such as TNF-α and TRAIL induces disruption of 

endothelial cell-cell junctions as well as induces 

cytoskeleton disorganization [7,44,63]. This leads to a 

widened interendothelial space that facilitates 

extravasation of fluid and proteins to the extravascular 

space. It has been shown that such structural changes 

initiate with agonist-receptor binding followed by the 

activation of intracellular signaling molecules like 

calcium, protein kinase C, tyrosine kinases, myosin light 

chain kinase, and small Rho-GTPases. These kinases and 

GTPases then phosphorylate or alter the conformation of 

different subcellular components that control cell-cell 

adhesion, resulting in endothelial hyperpermeability [7]. 

Targeting key signaling molecules that mediate 

endothelial-junction-cytoskeleton dissociation demon-

strates a therapeutic potential to improve vascular barrier 

function during inflammatory injury [6,7,63]. Also, 

plasma concentrations of inflammatory molecules can 

increase with age even in healthy adults [64-66] and is 

considered to correlate with changes in vascular 

permeability. In human vascular endothelial cells  

obtained from the brachial artery and/or antecubital veins 

of humans, expression of the pro-inflammatory nuclear 

transcription factor NF-κB and pro-inflammatory 

cytokine, interleukin-6, TNF-α and monocyte 

chemoattractant protein-1 are increased in older adults. It 

has been demonstrated that TNF-α and TRAIL induce 

microvascular endothelial cell permeability [44,63] via a 

mitochondrial apoptotic signaling pathway and an 

extrinsic signaling pathway respectively. The protective 

effects of recombinant Bcl-xL protein against TNF-α-

induced endothelial cell adherens junction damage and 
microvascular endothelial cell hyperpermeability was 

observed [63]. TRAIL-induced microvascular 

hyperpermeability is phosphatidylinositol 3-kinase 

(PI3K)-dependent and may be mediated by caspase-3 

cleavage of the endothelial adherens junctional complex 

[44]. Significant variations in the expression and levels of 

proinflammatory cytokines have been observed in aging 

[20,67-69].  

The lymphatic system plays a major role in 

controlling acute and chronic inflammatory responses. 

Studies have indicated that the lymphatic system performs 

this function through increasing the drainage of 

extravasated fluid and inflammatory cells and by 

lymphatic vessel alteration of the immune response [70]. 

Although the effect of aging on lymphatic functions has 

not been extensively studied, recent investigations 

demonstrate that aging impairs the function of lymphatic 

vessels by pre-activating a higher degree of mast cells 

[71]. This would consequently hamper the ability of the 

lymphatic system to resolve inflammation.  
 
Apoptotic Signaling 
 

Apoptosis, or programmed cell death, involves a complex 

network of biochemical pathways that normally ensure a 

homeostatic balance between cellular proliferation and 

turnover in nearly all tissues [72,73]. A strong association 

between apoptosis, age-related diseases and aging has 

been observed, but the cellular and molecular mechanisms 

that control vascular permeability in aging are not clearly 

known.  Vascular hyperpermeability has been considered 

as a phenomenon that occurs due to activation of the 

apoptotic signaling pathway which results in endothelial 

barrier dysfunction even without the instance of apoptotic 

cell death [6,8].  These apoptotic signaling cascades take 

place via either extrinsic or intrinsic (mitochondrial) 

pathways. The “intrinsic” pathway is mediated via 

activation of the mitochondria after hypoxia, ischemia and 

ROS generation [74-76]. Activated mitochondria release 

cytochrome c, AIF (apoptosis inducing factor), and smac 

(second mitochondrial-derived activator of caspases), all 

of which are regulated by members of the Bcl-2 family of 

proteins [77,78]. The Bcl-2 family consists of both anti-

apoptotic (Bcl-2, Bcl-xL etc) and pro-apoptotic (Bak, Bax 

etc) members. The anti-apoptotic members of this family 

such as Bcl-xL are thought to prevent apoptosis by 

sequestering proforms of death-driving cysteine proteases 

or by preventing the release of mitochondrial apoptogenic 

factors.  Thus, alterations in mitochondrial membrane 

integrity via pro-apoptotic factors and the subsequent 

release of cytochrome c are key components in the 

apoptotic-signaling cascade and may occur due to 
interplay between mitochondrial ROS levels and pro-and 

antiapoptotic molecules. Mitochondrial ROS formation 

and activation of the above pathway are major 
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mechanisms regulating vascular hyperpermeability 

[5,29,43,54]. Increased ROS formation is one of the most 

significant regulators of endothelial aging and 

dysfunction (refer, section on ‘oxidative stress’, above). 

Our studies further showed evidence for the involvement 

of the pro-apoptotic factor Bak [42]. The caspase-

mediated proteolytic cascade represents a central point in 

the apoptotic response and is influenced by both of the 

pathways. Recent evidence demonstrates several 

instances where caspase-3 activation doesn’t lead to cell 

death [8] and this explains why endothelial permeability 

is not correlated to endothelial cell death. Pro and 

antiapoptotic members of the Bcl-2 family proteins, TNF-

α and p53 play pivotal roles in the regulation of caspase 

activation [72,73]. Non-human primates demonstrate 

increased apoptosis and reduced density of endothelial 

cells with aging, and this is associated with impaired 

endothelial function [79]. Thus an increased rate of 

endothelial apoptosis may decrease the number of 

healthy, normally functioning, vascular endothelial cells 

with aging and contribute to vascular endothelial 

dysfunction. Recent studies from our laboratory have 

demonstrated the involvement of apoptotic signaling as a 

key regulator of vascular hyperpermeability [5,6,42].  We 

have previously shown that the apoptotic signaling 

pathway is a key regulator of vascular permeability 

without inducing apoptotic cell death. The Bcl-2 family 

members are involved in controlling vascular 

hyperpermeability via this pathway. Proapoptotic Bcl-2 

family protein Bak is upregulated following hemorrhagic 

shock induced vascular permeability and exogenously 

introduced Bak peptide effectively induced 

hyperpermeability [42]. Caspase-3 inhibition as well as 

protecting the mitochondrial integrity was effective 

against microvascular hyperpermeability in vitro and 

hemorrhagic shock induced vascular hyperpermeability in 

vivo [42,54]. As discussed above, paracellular 

permeability is regulated by the binding of the catenins to 

VE-cadherin. The catenin/cadherin complex is tethered to 

the endothelial cell cytoskeleton [4]. Dissociation of this 

complex has been reported to result in endothelial barrier 

dysfunction. Importantly, many of these molecules are 

substrates for caspase-3, the effector caspase in the 

apoptotic signaling cascade. A variety of compounds that 

inhibit apoptotic signaling pathways have been found to 

protect against hyperpermeability [29,43,54]. Their 

specific effect on vascular hyperpermeability in aging is 

not clearly known. 

  As discussed above, there are many studied 

mechanisms involved in apoptotic signaling, some of 

which cause hyperpermeability before reaching the point 
of causing cell death. In addition, increased apoptotic cell 

death in aging tissues can indirectly cause 

hyperpermeability.  

Hormones  

The significance of the age-associated decline in 

endogenous sex hormone levels, particularly levels of 

estradiol and testosterone, and their relation to disease and 

function is an area that require more research. Estrogens 

are known to regulate vascular functions and permeability 

[80,81]. 17β-estradiol shows protective benefits against 

vascular hyperpermeability following hemorrhagic shock 

in vivo [81] as well as endothelial cell monolayer 

permeability in vitro [80]. The effects of 17β-estradiol on 

vascular permeability is mediated via estrogen receptor-α 

and β (ERα and ERβ) [81]. The expression of ERα is 

lower in vascular endothelial cells obtained from 

estrogen-deficient postmenopausal women compared 

with premenopausal women [82,83]. In the overall group, 

ERα expression was positively related to brachial artery 

FMD, as well as to vascular endothelial cell expression of 

eNOS and eNOS phosphorylated at Ser [83]. These 

observations are consistent with the idea that circulating 

estrogen deficiency may lead to down-regulation of ERα 

and impaired endothelial function in postmenopausal 

women, in part as a result of reduced eNOS expression 

and activation. Recent studies also show that age and 

estradiol effects on BBB tight junctions and estrogen 

receptor proteins in ovariectomized rats. It has been found 

that 17β-estradiol treatment alters the expression of ERα 

and distinct TJ protein isoforms of the BBB without 

altering functional paracellular permeability [84]. 

 

Injuries and vascular permeability 

 

Aging is a major risk factor in traumatic injuries including 

hemorrhagic shock, burn, and sepsis as well as in several 

cardiovascular diseases, stroke and cancer [85-87]. 

Microvascular barrier dysfunction is a significant 

complication in clinical conditions associated with 

traumatic injury [30]. Various epidemiological studies 

strongly suggest that these diseases are more often 

diagnosed in older people than they are in the younger 

population. It is important to give high priority to research 

that focuses on aging and age-associated disease in order 

to develop novel therapies that could treat age-associated 

diseases more effectively. The vascular system is a main 

target of the aging process, thus making it especially 

susceptible to disease and dysfunction in the elderly. This 

is, in part, due to the structural and functional changes that 

occur in the vascular system during aging. But aging also 

alters the ability of the brain to respond to injury. In 

response to all of the above, we discussed below how 

permeability regulation takes place in hemorrhagic shock, 
burn injury and septic shock. 
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Hemorrhagic Shock 

 

Hemorrhagic shock (HS) is shock that occurs as a result 

of inadequate tissue perfusion. It is a life threatening 

medical emergency. This condition is produced by rapid 

and significant loss of intravascular volume, which may 

lead to hemodynamic instability, decreased tissue 

perfusion, cellular hypoxia, organ damage, and death [88]. 

The primary goals in a medical response are to stop the 

bleeding and restore circulating blood volume 

(resuscitation). However, this can lead to excessive fluid 

leakage, tissue edema, and multiple organ failure due to 

microvascular hyperpermeability [5,80]. The formation of 

ROS as a result of hemorrhagic shock and subsequent 

resuscitation plays an important role in vascular 

hyperpermeability, post-hemorrhage inflammation, and 

tissue injury. It has been found that the severity of tissue 

damage in mice caused by hemorrhagic shock is 

influenced by age [89]. HS also causes hypoperfusion of 

peripheral tissues which promotes endothelial 

dysfunction and may lead to further tissue injury. Aside 

from the aforementioned age-related decrease in the 

ability to mitigate tissue damage in mice, it is not clearly 

known how endothelial permeability regulation takes 

place following HS in aging. So, it is important to review 

the studies that generally deal with vascular permeability 

regulation following HS to understand the potential 

permeability mechanisms that are involved in aging 

endothelium.  

 As mentioned in the apoptotic signaling section, the 

apoptotic signaling pathway plays a significant role in 

vascular hyperpermeability. HS is a known trigger of the 

apoptotic signaling pathway, and this pathway is a major 

mechanism by which HS causes hyperpermeability. 

Studies have demonstrated that microvascular 

permeability regulation following HS is closely 

associated with mitochondrial ROS formation, 

mitochondrial release of cytochrome c and caspase-3 

mediated breakdown of the adherens junction protein β-

catenin [6,42].  

A study of particular interest involving aged rats 

showed HS resulted in an age-correlated increased level 

of mitochondrial dysfunction, including an age-correlated 

increase in the mitochondrial release of cytochrome c 

[90]. Although a direct link has not been made, this 

increased release of cytochrome c in later-aged rats 

suggests a potential mechanism, involving apoptotic 

signaling, through which aged rats would have more 

severe tissue damage following HS induced 

hyperpermeability.  

Mitigation of HS induced hyperpermeability, as 
discussed above, involves a variety of compounds with 

antioxidant properties in addition to their ability to block 

the apoptotic signaling pathway. These compounds 

effectively blocked HS-induced hyperpermeabiltiy in a 

regular rat model of HS injury [29,43,54] but have yet to 

be tested for their therapeutic potential against HS in 

aging. There is a clear lack of information on the 

relationship between HS, vascular permeability and 

aging. Thus studies that focus on HS-induced vascular 

hyperpermeability in aging are highly warranted.  

 

Sepsis 

 

Sepsis, a serious condition in all age groups, is especially 

problematic for the elderly population due to its 

association with high mortality rates in that population 

[91]. Aging alters the stress response, which compounds 

the increased susceptibility of the elderly to physiological 

stressors such as infection and sepsis [92].  The elderly 

population’s comparatively high sepsis-related mortality 

rate is due to their higher propensity for microvascular 

dysfunction and consequential multiorgan failure [93]. 

Treatment with septic sera collected from patients elicited 

greater increases in TNF-α expression in aged endothelial 

cells compared with younger cells. However, the 

induction of inducible NO synthase, intercellular 

adhesion molecule-1, and vascular cell adhesion molecule 

did not differ between the two groups. Collectively, aging 

increased sensitivity of microvascular endothelial cells to 

oxidative stress and increased cellular damage induced by 

inflammatory factors present in the circulation during 

septicemia [93]. Tucsek et al [93] demonstrated that the 

inflammatory response is exacerbated in a rodent 

endotoxemia model of sepsis in aged rats compared with 

young rats. To investigate the factors involving 

accelerated apoptosis in aged animals following sepsis, 

Zhou et al [94] analyzed the Fas/Fas ligand (Fas-L) 

pathway. Fas and Fas-L gene expression increased in the 

spleen in aged animals after the LPS treatment that was 

used to induce the symptoms of sepsis.  Similarly, cleaved 

caspase-8 expression, a downstream element of Fas and 

Fas-L, was also significantly higher in the aged rats after 

LPS. This suggests that the Fas/Fas-L pathway may play 

an important role in sepsis-induced activation of apoptosis 

and hyperinflammation in aged animals [94]. Fas-Fas 

ligand interaction has been recently shown to regulate 

microvascular endothelial cell hyperpermeability [95]. 

More investigation is needed to determine whether this is 

a potential target for attenuation of sepsis-related 

hyperpermeability in aged subjects.   

 

Burn 

 

Burn injury to individuals older than 60 years occurs at a 
frequency disproportionate to all other age groups except 

the very young [96]. Burns are associated with a 

significant leak of intravascular fluid into the interstitial 
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space and require large volumes of resuscitation fluids 

[97]. Major cutaneous burns result not only in localized 

tissue damage, but also in broad systemic inflammation 

that causes organ system damage distal to the burn site. 

The pulmonary microvessels are particularly susceptible 

to functional abnormalities after exposure to burn-induced 

inflammatory mediators [31]. Tinsely et al [31] found that 

the phosphorylation of MLC is a required element of 

burn-induced hyperpermeability in rat lung microvascular 

endothelial cell monolayers. It was also discovered that 

MLCK and Rho kinase inhibition blocked actin stress 

fiber formation and MLC phosphorylation after exposure 

to burn plasma. Another study showed that age-associated 

pulmonary congestion observed following burn injury 

may be due to differences in lung endothelial adhesion 

responses and are compounded by elevated numbers of 

hyperchemokinetic circulating neutrophils in aged mice 

[98]. In rat lung microvascular endothelial cells, 

activation of intrinsic apoptotic pathways has been 

associated with microvascular hyperpermeability 

resulting from burn injury [97]. (-)-Deprenyl, an 

antioxidant and antiapoptotic drug, has been shown to 

modulate intrinsic apoptotic signaling and attenuate burn-

induced hyperpermeability [97]. Damage to the adherens 

junction complexes between endothelial cells plays an 

integral role in the pathophysiology of microvascular 

hyperpermeability following burn trauma [31,97,99]. The 

changes that take place in the adherens junction complex 

during aging as well as its significance in vascular 

hyperpermeability following burn trauma needs to be 

studied.  

 

 

 

 
Figure 1. Regulation of Vascular Permeability. Hyperpermeability seems to be caused by similar pathways in both young 

and aged blood vessels.  The increase in permeability that comes with age is attributed to the scale of regulator release and 

activity at each level of the pathway.  In aged endothelial cells: (a) oxidative stress intensifies with an increased release of 

ROS, (b) more cytochrome C, an inducer of proteolytic Caspase-3, is released from mitochondria (c) there is an increase in 

inflammatory cytokine release. 
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Conclusion 
 

Although vascular hyperpermeability is associated with 

injuries and diseases in all age groups, its effect in the 

aging population is severe and warrants urgent attention 

in basic research. Aging elicits several changes in the 

vascular endothelium that effect permeability regulation. 

Age-related oxidative stress, via ROS, is one of the major 

contributing factors in the loss of endothelial cell function 

in advanced age. This oxidative stress, in addition to 

inflammatory molecules, may be involved in endothelial 

aging by affecting vascular function, endothelial gene 

expression, the activation of the apoptotic signaling 

pathways, as well as breaking down barrier integrity and 

deregulating permeability. Future studies are needed to 

understand the changes that take place in the adherens and 

tight junction complex during aging and to elucidate 

whether aging, as well as alterations in the circulating 

level of endothelial progenitor cells, are relevant to age-

associated vascular permeability. Advances in the 

understanding of endothelial function/physiology have 

been the basis for many therapeutic strategies.  The 

discovery of novel and potent antioxidants and 

antiapoptotic molecules may control aging-induced 

vascular dysfunction and thereby improve the function of 

aging endothelial cells. This would include the attenuation 

of vascular hyperpermeability. It is conceivable that 

expanding the understanding of endothelial cell function 

in advanced age would lead to targeted therapies against 

vascular dysfunction and hyperpermeability associated 

with traumatic and ischemic injuries and other diseases in 

aging.  
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